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Abstract
Background: Understanding the current status of predatory fish communities, and the effects fishing has on them, is vitally
important information for management. However, data are often insufficient at region-wide scales to assess the effects of
extraction in coral reef ecosystems of developing nations.
Methodology/Principal Findings: Here, I overcome this difficulty by using a publicly accessible, fisheries-independent
database to provide a broad scale, comprehensive analysis of human impacts on predatory reef fish communities across the
greater Caribbean region. Specifically, this study analyzed presence and diversity of predatory reef fishes over a gradient of
human population density. Across the region, as human population density increases, presence of large-bodied fishes
declines, and fish communities become dominated by a few smaller-bodied species.
Conclusions/Significance: Complete disappearance of several large-bodied fishes indicates ecological and local extinctions
have occurred in some densely populated areas. These findings fill a fundamentally important gap in our knowledge of the
ecosystem effects of artisanal fisheries in developing nations, and provide support for multiple approaches to data
collection where they are commonly unavailable.
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Introduction
It is well documented that humans have greatly altered
predatory fish communities worldwide, especially through indus-
trialized commercial and recreational fisheries [1–8]. These
studies have based their conclusions on extensive databases of
fisheries-dependent data (i.e., landings statistics), primarily from
developed nations. However, fisheries statistics are commonly
unavailable in developing nations where artisanal (subsistence or
small-scale commercial) fisheries exist [9–11]. Despite the problem
of insufficient data, it remains imperative to assess region-wide
effects of extraction on predatory fish populations and to indicate
whether indirect effects of human activities exist in the
communities to which they belong (e.g., dominance shifts) in
order to implement management and conservation strategies
geared towards ecosystem-based approaches [12].
Artisanal fisheries supply food for millions of people in
developing nations, and are the primary source of resource
exploitation on coral reef systems [13]. Fishing on Caribbean reefs
occurred long before the arrival of European settlers, but has
returned increasingly diminished yields over the last 200 years as
human populations have escalated in the region [14–16]. Similar
to industrial and recreational counterparts in developed nations,
artisanal fishing tends to target large-bodied, top trophic-level
fishes, so greater numbers of fishermen per unit area should result
in increased removal of larger species [17–20]. Indeed, popula-
tions of large-bodied fishes have become notoriously impoverished
at some Caribbean locations with high densities of human
populations (e.g., Jamaica) [21,22]. However, because fisheries
data are generally unavailable or incomplete across the Caribbean,
researchers have relied on either survey data from studies
conducted on relatively small spatial scales or anecdotal and
historical information. Therefore, the prevalence of these patterns
and their potential indirect effects across the region remain
unknown.
To address these issues on a larger scale, I used a publicly
accessible, fisheries-independent database [23] to provide the first
broad scale, quantitative analysis of the structure of predatory reef-
fish communities across the greater Caribbean region (Fig. 1). The
database consisted of over 38,000 presence/absence surveys
conducted across 22 insular and continental nations (Table 1) by
citizen scientists (i.e., trained volunteer SCUBA divers), a
technique that has been used extensively by terrestrial ecologists
(e.g., Breeding Bird Survey), but largely ignored by their marine
colleagues. These community efforts can cover large geographic
PLoS ONE | www.plosone.org 1 May 2009 | Volume 4 | Issue 5 | e5333scales and produce sample sizes several order of magnitude greater
than traditional efforts by either individual or small teams of
scientists [24], effectively filling data gaps where fisheries-
dependent data are currently unavailable. I also examined
potential mechanisms, including factors that are both independent
of and related to anthropogenic influences (Table 2), that may
have affected the structure of these fish communities.
Results
A non-metric multidimensional scaling (NMS) ordination of 20
predatory taxa converged on a stable, 2-dimensional solution (final
stress=16.53, final instability=0.00048, iterations=74) (Fig. 2).
The first axis accounted for the majority of variation in the NMS
(r
2=0.67), was strongly correlated with human population density
(r=0.72) and slightly less so with latitude (r=20.64; Table 2). The
structure of the ordination was driven by strong associations of
sharks (Carcharhinidae), jacks (Carangidae), and large species of
groupers (Serranidae) and snappers (Lutjanidae) with regions of
low human population density (high latitude). The pattern was also
driven by moderate associations of trumpetfish (Aulostomidae) and
smaller species of groupers and snappers with regions of high
human population density (low latitude; Fig. 2). The second axis
accounted for less variation (r
2=0.15) and was driven by regional
differences in which particular taxa of large or small predators
predominated.
Because human population density and latitude were the
primary factors related to the structure of the NMS ordination
along the first axis, a multiple regression was used to investigate
their independent effects. Although human population densities
tend to decrease towards higher latitudes in the Caribbean region
(r=20.57), collinearity was low (variance inflation factor=1.469);
therefore the analysis was deemed robust. Both human population
density (p,0.00001) and latitude (p=0.0121) were related to the
NMS scores after accounting for the effects of each. However,
analysis of the standardized regression coefficients (1 standard
deviation) revealed stronger evidence for a significant effect of
human population density on NMS scores compared to latitude
(i.e., lower p-values), and that the effect of the former
(coefstandardized=0.4583) was over twice as strong as the latter
(coefstandardized=20.2126).
Mean and median sighting frequencies of predators decreased
2.2–4.0% (r
2=0.19, p,0.0001) and 4.1–7.1% (r
2=0.37,
p,0.0001), respectively, per incremental increase of 100 humans
per km
2. The predator communities exhibited lower richness
(r
2=0.20, p,0.0001) and Simpson’s diversity (r
2=0.41,
p,0.0001) with increasing density of humans. At the taxon
level, 15 of the 20 predators included in the analyses were
sighted less frequently with increasing human population density
(Table 3). The remaining five predatory taxa were sighted either
evenly or at increasing frequencies with increasing human
population density, and included the smallest species of grouper
(graysby, Cephalopholis cruentata and coney, C. fulva) and snapper
(mahogany snapper, Lutjanus mahogoni and lane snapper, L.
synagris), as well as the relatively unfished trumpetfish (Aulostomus
maculatus).
NMS ordinations within both the grouper (final stress=11.18,
final instability=0.00045, iterations=59) and snapper (final
stress=11.21, final instability=0.00045, iterations=59) families
each converged on stable, 3-dimensional solutions. The first axes
of both ordinations accounted for the majority of variation
(grouper r
2=0.55; snapper r
2=0.59) and were strongly correlated
with human population density (grouper r=0.75; snapper
r=0.57). Linear regressions within both families indicated strong
decreases in maximum sizes of the species associations with regions
along an index from low to high human population densities
(Fig. 3).
Figure 1. Map of Caribbean locations from which predator presence data were gathered. The data were from all locations in which at
least 10 volunteer diver surveys were conducted between 1994 and 2008. The locations of the two uninhabited islands are italicized: IM (Isla de
Mona); NI (Navassa Island).
doi:10.1371/journal.pone.0005333.g001
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The analyses presented here suggest human population density
is strongly, negatively related to both richness and total presence (a
surrogate of abundance) of predatory reef fishes in the Caribbean.
Large predatory species were rare or absent in locations of high
human population density, where smaller predators have become
dominant, indicating the potential of indirect effects through
competitive release. Although correlatives with both human
activities and latitude may have had an influence on the structure
of predatory communities, fishing was likely the most important
mechanism driving the documented patterns.
Human population density and latitude were both correlated
with the ordination of all taxa, but close examination of the data
allow the relative effects of each predictor to be disentangled. In
addition to compelling results from multiple regression analyses
(see Results), further evidence reinforces that human population
density was the dominant signal. First, although all taxa included
in the analysis are naturally distributed across all locations in the
study region, most fishes, particularly the larger-bodied ones, were
rare or completely absent in surveys conducted in areas of high
human population density. These patterns were evident in both
the compressed, multivariate space (i.e., all large-bodied predators
grouped on the left/negative side of axis 1, Fig. 2) and in the
presence data of individual taxa (Table 3). In addition, historical
data further illustrate that large groupers, snappers, and sharks
were once abundant throughout the Caribbean, including reefs
located in the Greater and Lesser Antilles where several of the
species examined here are now ecologically or locally extinct
[15,25,26].
Second, comparisons between inhabited and uninhabited
islands within otherwise densely populated regions highlight
potential human induced effects [27,28]. For example, Isla de
Mona and Navassa Island are uninhabited, relatively isolated
Table 1. Twenty-two nations from which REEF survey data were collected, including information of human population densities
and sample sizes.
Country/region HPD Code Survey locations Total surveys
Belize 12 BZ 7 2304
Bahamas 21 BA 15 9457
Turks and Caicos 47 TC 10 3136
Mexican Caribbean 53 MC 5 5057
Honduras 62 HD 4 2124
Cuba 102 CU 3 567
Leeward Islands LI 8 1819
--- Anguilla 129 13
--- Netherlands Antilles* 131 600
--- St. Kitts 149 285
--- Antigua 155 27
--- Dominica 91 894
British Virgin Islands 147 BV 3 2196
Cayman Islands 168 CI 4 4499
Dominican Republic 183 DR 4 515
Jamaica 248 JA 5 384
US Virgin Islands 308 UV 3 2347
Windward Islands WI 8 2635
--- Martinique 359 163
--- St. Lucia 269 181
--- St. Vincent & The Grenadines{ 302 1929
--- Barbados 647 173
--- Grenada 260 189
Puerto Rico 430 PR 7 1076
TOTAL=38116
*Netherlands Antilles (St Martin, Saba, St Eustatius).
{St Vincent & Grenadines (includes Bequia & Mustique).
doi:10.1371/journal.pone.0005333.t001
Table 2. Pearson’s correlations (r) between explanatory
variables and the axes from the NMS ordination.
Variable Axis 1 Axis 2
HPD (people/land km
2) 0.72 20.01
HPReef (people/reef km
2) 0.09 0.05
GDP (PPP/capita) 20.18 20.08
Tourist (mean/year) 20.23 0.11
Latitude 20.64 20.07
doi:10.1371/journal.pone.0005333.t002
Caribbean Reef Fishes
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and Jamaica, respectively (Fig. 1). Although both islands have
historically been fished and have experienced other anthropogenic
effects, the intensity of such effects on these relatively remote
locations is likely lower compared to nearby inhabited islands.
Indeed, the similarities between the predator communities at these
locales and other locations of low human density can be detected in
both the ordinated space (i.e., italicized locations IM and NI further
to the left on axis 1 than centroids of neighboring PR and JA,
respectively, Fig. 2) and the presence/absence data for each taxon.
Sighting frequencies of large-bodied predators, such as sharks, jacks,
barracuda, and large groupers and snappers, weretwo to three times
higher on reefs adjacent to the uninhabited islands relative to nearby
inhabited ones (Text S1, Table S1). The more extensive presence of
these predators within regions where they are otherwise rare or
completely absent indicates that anthropogenic effects, not latitudi-
nal gradients, limit the presence of these large-bodied fishes.
The relationship between human population density and
ecological communities has been investigated far more extensively
in terrestrial systems than marine ones [29]. However, several
recent studies from the Line Islands [20,30,31] and the Hawaiian
Islands [27,32] have found higher abundances and biomass of
large predatory fishes in locations of low human population
densities compared to those that are densely populated. Similar
results were found in the current study, with large predators
becoming increasingly rare or locally extinct with increasing
human population densities. Human activities can negatively
affect populations and communities of coral reef fishes directly
through harvesting and indirectly through habitat loss [32].
Worldwide degradation of coral reefs has been well documented
[33–35], and although the effects of global climate change (and
associated effects of bleaching, acidification, and disease) are
thought to be the major drivers, local effects related to human
population density (e.g., destructive fishing, pollution) exacerbate
the destruction to coral habitats [36–41]. Decreased coral cover
can result in declines to the abundance, biomass, and diversity of
coral reef fishes [42–46], but most evidence is for small fishes
occupying lower trophic levels, while that for predatory fishes is
less clear. For example, Wormald [47] found varying relationships
(positive and negative) of coral volume on two snappers
(schoolmaster and lane snapper, respectively) while Graham et
al. [43] was unable to detect a relationship between coral loss and
fishes larger than 20 cm. Using meta-analysis, Paddack et al. [45]
suggested declines in Caribbean fishes from several trophic groups
were due to loss of coral, but were unable to detect a significant
effect of habitat degradation on piscivores. Separating the effects of
habitat loss from those of fishing have proven difficult since they
commonly co-occur [48], but Williams et al. [32] was able to do so
and concluded fishing to be the dominant factor affecting
Hawaiian fish communities. The effects of fishing generally
precede other stressors [49] and typically have the strongest
human induced consequences on predatory marine fishes
[18,40,50]. Although multiple and interactive local effects related
to increasing human population density cannot be ignored, fishing
Figure 2. NMS ordination of regions in predatory fish space (20 taxa). Regional centroids are displayed: BA (Bahamas); TC (Turks and Caicos);
CU (Cuba); CI (Cayman Islands); JA (Jamaica); MC (Mexican Caribbean); BZ (Belize); HD (Honduras); DR (Dominican Republic), PR (Puerto Rico); UV (US
Virgin Islands); BV (British Virgin Islands); LI (Leeward Islands); WI (Windward Islands). The axis 1 scores for the two uninhabited islands are italicized:
IM (Isla de Mona); NI (Navassa Island). Along axis 1, latitude increases towards the left and human population density increases towards the right. Taxa
locations are represented with coded fish displays: a (Mycteroperca bonaci); b (Epinephelus striatus); c (M. tigris); d (M. venenosa); e (E. guttatus); f (E.
adscensionis); g (Cephalopholis cruentata); h (C. fulva); I (Lutjanus cyanopterus); j (L. jocu); k (L. analis); l (L. griseus); m (Ocyurus chrysurus); n (L. apodus); o
(L. synagris); p (L. mahogoni); q (Aulostomus maculatus); r (Caranx spp.); s (Carcharhinus spp.); t (Sphyraena barracuda). Fish displays are scaled
according to maximum attainable sizes of each taxa.
doi:10.1371/journal.pone.0005333.g002
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Family Taxa Common name TLmax (cm) Intercept SE Coef SE t-Value p-Value
C
Aulostomidae Aulostomus maculatus trumpetfish 100 0.4827 0.0306 0.0005 0.0002 3.089 0.0027*
Carangidae Caranx spp. jacks
a 69
b 0.7690 0.0242 20.0003 0.0001 22.374 0.0199
Carcharhinidae Carcharhinus spp. requiem sharks
a 300
b 0.0887 0.0142 20.0002 0.0001 24.152 0.0001*
Lutjanidae Lutjanus cyanopterus cubera snapper
a 160 0.0672 0.0095 20.0002 0.0000 25.572 ,0.0001*
L. jocu dog snapper
a 128 0.0975 0.0142 20.0001 0.0001 22.131 0.0361
L. analis mutton snapper
a 94 0.1659 0.0198 20.0002 0.0001 21.770 0.0805
L. griseus gray snapper 89 0.1551 0.0165 20.0002 0.0001 22.568 0.0120
Ocyurus chrysurus yellowtail snapper 86 0.7602 0.0272 20.0004 0.0001 22.980 0.0038*
L. apodus schoolmaster 67 0.6091 0.0338 20.0006 0.0002 23.606 0.0005*
L. synagris lane snapper 60 0.0509 0.0126 0.0002 0.0001 3.015 0.0034*
L. mahogoni mahogany snapper 48 0.3445 0.0304 0.0003 0.0002 1.992 0.0497
Serranidae Mycteroperca bonaci black grouper
a 148 0.1810 0.0190 20.0006 0.0001 26.858 ,0.0001*
Epinephelus striatus Nassau grouper
a 122 0.4607 0.0321 20.0013 0.0002 29.206 ,0.0001*
M. tigris tiger grouper
a 101 0.3112 0.0251 20.0009 0.0001 27.882 ,0.0001*
M. venenosa yellowfin grouper
a 100 0.0358 0.0042 20.0001 0.0000 24.753 ,0.0001*
E. guttatus red hind
a 76 0.0090 0.0015 20.0001 0.0000 23.778 0.0003*
E. adscensionis rock hind
a 61 0.0873 0.0138 20.0001 0.0001 21.366 0.1756
Cephalopholis cruentata graysby 43 0.4705 0.0305 0.0004 0.0002 2.510 0.0140
C. fulva coney 41 0.4632 0.0385 0.0004 0.0002 1.873 0.0646
Sphyraenidae Sphyraena barracuda barracuda 200 0.4616 0.0278 20.0006 0.0001 24.447 ,0.0001*
aRegression coefficient and intercept values computed from untransformed data; test statistics computed from arcsine(x ˆ0.5) transformed data (Zar 1999).
bSize data for sharks and jacks are from Caribbean reef shark (Carcharhinus perezii) and bar jack (Caranx ruber), respectively, which were the most common family
representatives.
CSignificant test after correction for multiple comparisons using sequential Bonferroni noted (*).
Note: Barbados was removed from the regressions since its high HPD (642people/km
2) was approximately 50% greater than the second highest nation (i.e., outlier), and
therefore quantitatively exaggerated the effect of HPD; trends were qualitatively unaffected.
doi:10.1371/journal.pone.0005333.t003
Figure 3. Maximum lengths of serranids and lutjanids as a function of human population density. Taxon codes are in caption to Figure 2.
Regression statistics (n=8 species each): (A) serranid maximum published lengths (r
2=0.78, p=0.004); (B) lutjanid maximum published lengths
(r
2=0.78, p=0.003). NMS scores are from the axis that accounted for the most variation in the data. Axis variation explained and correlation with
human population density: (A) serranid ordination (axis r
2=0.55, r with axis=0.75); (B) lutjanid ordination (axis r
2=0.46, r with axis=0.50).
doi:10.1371/journal.pone.0005333.g003
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fishes in the Caribbean.
Artisanal fishing is the predominant source of resource
extraction on coral reefs in the Caribbean [51]. Although
commonly considered to be relatively benign compared to
industrialized fisheries, increasing evidence from around the world
suggests otherwise. Even at relatively low fishing intensities,
artisanal fishing has been shown to strongly reduce populations
and biomass of targeted species on coral reefs in the Indo-Pacific
[52–54], eastern Pacific [55], and the Caribbean [18]. Fishermen
tend to target and directly reduce populations of large-bodied
fishes that are typically longer lived, mature more slowly than
smaller ones, and often form spawning aggregations, all of which
increase their vulnerability to overfishing [56–60]. Fishing can also
have indirect effects on predatory fish communities. For example,
removal of large-bodied predators may have allowed smaller ones
to increase in abundance due to release from competition or
predation [30,61,62]. Indeed, the relatively unfished trumpetfish,
and the two smallest species of both grouper (i.e., graysby and
coney) and snapper (i.e., lane and mahogany snappers) were found
to increase in presence with decreasing presence of large predators
(Table 3, Figs. 2 and 3). Although the temporal trends were not
significant, it is notable that only graysby, lane snapper, and
mahogany snapper exhibited increasing presence across the 15-
year period of surveys (Text S2, Tables S2 and S3).
Latitude was the second strongest correlative with the structure
of predatory fish communities (Table 2). Most studies that have
addressed latitudinal patterns of fish communities in the western
Atlantic have done so across biogeographic provinces [63,64],
while few have been confined to the greater Caribbean and none
have focused solely on predators in the region. Temperature and
productivity can each vary greatly over large spatial scales and
both have been linked to species richness gradients in the Atlantic
[65] and Indo-Pacific [66]. However, neither annual temperature
[67] nor productivity [68] varies greatly across the relatively warm,
oligotrophic waters of the current study; their roles in affecting the
structure of reef fish communities in the Caribbean, including that
of the predatory fishes examined here, has therefore remained
elusive. In a study that included various habitats including coral
reefs, Bouchon-Navaro et al. [69] found latitude to explain a small
but significant amount of the variance (8.4%) on the structure of
fish assemblages across the Antilles, with increasing species
richness towards lower latitudes. The authors suggested the
patterns may have been attributable to the types and area of
available habitat, but also acknowledged that it is difficult to
attribute mechanism to latitudinal gradients of fishes in the
Caribbean given our current knowledge. Following island
biogeography theory [70], Sandin et al. [71] found fish richness
on Caribbean reefs from insular nations to increase with both
island area and decreasing isolation. Although distance between
islands in the Caribbean tends to increase towards lower latitudes
(r=between 0.40 and 0.65, depending on metric of isolation),
richness was not correlated with latitude per se (r=20.08; S.A.
Sandin, unpublished data). Therefore the mechanisms behind the
latitude signal in the current study are not very clear, but may
have been due to a combination of gradients in both isolation and
area of reefs confounded by the effects of human population
density in a general north-south orientation.
The remaining three factors explained far less variance in the
structure of predatory fish communities. The lack of a strong signal
from the tourism data (i.e., the number of visitors) was somewhat
surprising, since increased number of tourists should theoretically
have had effects similar to those of increased number of residents.
However, a recent study from the Bahamas indicated that
residents account for the vast majority of seafood consumed
(88%) compared to tourists, with the former preferring fishes
(especially grouper and snapper) and the latter preferring conch
and lobster (unpublished data, L. Talaue-McManus). Chronic
demand for seafood from residents (particularly fishes) may
supersede the effects from visitors.
Predicting the ecological consequences of changes to the
structure of predator communities is difficult [72,73]. Different sized
predatory fishes may perform various functional roles and can have
drastically different effects on the diversity and abundance of prey
species [74,75]. Furthermore, loss of functional roles can lead to
decreased ecological stability [76] and ecosystems can become both
less resilient to catastrophic phenomena such as cyclones [39] and
less resistant to invasions by exotic species [77]. The recent invasion
of Indo-Pacific lionfishes (Pterois volitans and P. miles) in the Caribbean
may have been facilitated by overfishing large predators capable
controlling their rapid spread and population explosion [78] and is
alarming considering the strong predatory effects lionfish can have
on native fishes [79]. Management of human impacts on entire
functional groups may therefore be more important than targeting
specific taxa [80], but tests of functional redundancy among
predatory marine fishes is sorely needed [81]. In addition,
incorporating the effects of environmental variation [82], multiple
human stressors [83], and linkages in interaction webs [84,85] with
socioeconomic factors that lead to overfishing [86] may improve
management and conservation in coral reef systems.
On a global scale, 37% of human populations are within
100 km of a coastline [87]. As human populations continue to
increase, the associated negative effects on coastal ecosystems are
not likely to be easily resolved. Continued efforts at broad spatial
scales are necessary to better understand individual and interactive
effects of anthropogenic activities on marine ecosystems
[19,39,88,89]. If we are to overcome the challenges of collecting
data in developing nations and on a region-wide scale, these
studies will require multiple disciplinary approaches [90] including
publicly available survey data collected by citizen scientists and
other community volunteers.
Materials and Methods
Survey Data
Predator presence/absence data from locations across the
greater Caribbean region (Fig. 1) were queried using the Reef
Environmental Education Foundation’s (REEF) online database
(World Wide Web electronic publication; www.reef.org, date of
download: 20 August 2008). The data included coral reef habitats
located in 22 continental and insular nations and consisted of 38,116
surveys conducted between 1994 and 2008 (Text S3, Table S4).
Within each of the 22 nations, I chose survey locations with a
minimum of 10 surveys (Table 1; 86 total locations). The data were
collectedbytrainedvolunteerSCUBAdiversusingtheRovingDiver
Technique (RDT) where divers swim freely around a survey site and
recordallspeciesthatcanbepositivelyidentified[91].TheRDTwas
specifically designed for volunteer data and is effective at rapid
assessment of both fish distribution and abundance [92].
The analysis included all predators (trophic level$4) [93] that
met two fundamental criteria: 1) previously documented natural
distributions for each of the 22 nations [93–96], and 2) only data
for conspicuous species because the data were collected by
volunteer divers. Although cryptic species (e.g., moray eels,
Muraenidae; lizardfishes, Synodontidae) were recorded by the
divers, the accuracy of the RDT at estimating their presence was
unclear, so those data were not included. Twenty taxa of predatory
fishes met the above criteria and included eight species of grouper
Caribbean Reef Fishes
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species each of trumpetfish (Aulostomidae) and barracuda (Sphyr-
aenidae), and both jacks (Carangidae) and requiem sharks
(Carcharhinidae) summarized at the family levels (Table 3). The
20 taxa ranged in maximum attainable total lengths from 40 cm to
over 300 cm. The average depth of each survey was recorded by
REEF participants in 10 feet (3.05 meter) increments. Across all
surveys included in the analyses here, the majority of dives (82%)
were made at depths between 10–30 m, with decreasing proportions
made at shallower(,10 m;12%) and deeper (30–45 m;7%) depths.
Importantly, all surveys were conducted within the natural depth
ranges of the 20 predatory taxa [93–96].
Data Analysis
The predator presence/absence data had extremely low Whi-
taker’s beta diversity (b=0.1) and low values of the coefficient of
variation for both taxa (CV=87.6) and sample locations
(CV=22.8); therefore data transformation was not required. To
investigate spatial patterns in the data, a matrix of sample locations
by taxa presence was ordinated using non-metric multidimension-
al scaling (NMS) [97,98]. NMS can investigate potential drivers
influencing the final structure of the ordination by examining
correlations between the main dataset (i.e., predator presence) and
variables in a second matrix. Therefore a second matrix was
constructed that included four variables related to human
influences as well as latitude to account for biogeographic patterns
that may have naturally existed across the 22 nations (Table 2).
The four variables related to human influences included: 1) the
size of human populations corrected for land area (the standard
measure of human population density) [99], 2) human population
size corrected for reef area [99,100], 3) per capita gross domestic
product [101], and 4) average tourist arrivals per year [102].
The ordinations of sample locations in species space were
presented graphically, with overlays of the environmental data from
the second matrix. The presentation was simplified by displaying
national centroids and by grouping nations from the Lesser Antilles
into ‘Windward’ (i.e., Barbados, Grenada, Martinique, St. Lucia, St.
Vincent and the Grenadines) and ‘Leeward’ (i.e., Anguilla, Antigua,
Dominica, Netherlands Antilles, St. Kitts) islands. The resulting
ordination displayed 14 regions across the greater Caribbean region.
All NMS ordinations were conducted in PC-ORD 5.14 using the
‘Autopilot Mode’ with Sorensen distance measure and random
starting configurations [103].
In addition to the ordination, linear regressions were conducted
between human population densities and several metrics of the
predator presence data per sample location: 1) mean and median
presence across all taxa, 2) richness (S, the total number of species),
and 3) Simpson’s diversity (D=12S (pi
2).
Groupers and snappers are among the most speciose families of
predatory reef fishes in the Caribbean, with a range of maximum
total lengths for the species included here from ,0.5 m to
.1.5 m. Therefore, additional NMS ordinations were conducted
on both families to investigate their within family associations with
the survey locations relative to the maximum sizes of each species.
The first axes of both ordinations were strongly correlated with
human population densities. The NMS scores therefore served as
an index of human population density in multivariate space for
both ordinations. The relationship between how sizes of the
associated species changed across the index of human population
densities was analyzed using linear regression of the NMS scores
versus the maximum attainable lengths of each species.
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